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APPROACH: Recently, methods been have developed for the generation of complementary DNA (cDNA) libraries of antibody encoding immunoglobulin genes and expression of these genes in production hosts such as the bacterium Escherichia coli.
For this very promising technology to be applied successfully to the rapid detection of B. anthracis, large quantities of pure anthrax-specific antigens are required. These antigens must be displayed on infectious anthrax spores. Presently, very little is known about the structure and genetic specification of B. anthracis spore coat surface signatures.
Rapid assays based on anthrax spore coat components have the following advantages:
1. Spore structural components (spore coat and small acid soluble spore core proteins) account for over 50% of the total spore protein content. 2. Analogous proteins only exist in endospore forming bacteria. 3. There are no structural counterparts produced in vegetative cells. 4. Spore structural proteins are essential for spore resistance to heat, chemicals, UV, enzymes and mechanical disruption.
Spore coat genes of particular interest are those which encode components of the outer spore surface. Several spore coat proteins may be conserved throughout the Bacillus group.
If this is the case, antibodies directed against these determinants will likely be crossreactive with both near-and distant-neighbors.
This situation could explain the lack of specificity observed previously with antibodies produced against whole anthrax spores.
To alleviate this problem, we have focused on isolating and characterizing spore coat genes with DNA sequences specific for B. anthracis.
ACCOMPLISHMENTS:
In this report we focus on the application of the outer spore coat gene cotK as an alternative or complimentary tool for developing recombinant antibody technology to identify members of the B. anthracis clade.
DNA sequence analysis of B. anthracis group cotK amplicons has allowed a phylogenetic separation of the strains examined into protein sequence clusters (Proteotypes). Analysis of further strains from the B. anthracis group may reveal additional CotK Proteotypes.
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The initial results obtained from B. anthracis clade cotK DNA-sequence analysis suggest that there is significant genetic variation among the B. cereus, B. thuringiensis and B. anthracis strains analyzed. These data also suggest that the genetic clustering of B. anthracis clade strains based on cotK signatures is different from the clustering observed with a spore core protein gene. It is possible that outer spore coat genes may be subjected to additional evolutionary constraints that do not operate on spore core genes. These results also suggest that the DNA sequence analysis of outer spore coat genes may be of considerable value in selecting protein and epitope targets for spore-specific immunoassay development. This experimental strategy can also be applied to other B. anthracis spore coat proteins.
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and other laboratories have employed synthetic peptides synthesized from regions of CotK that contain the most variable sequence motifs. We have been able to produce polyclonal antibodies to these signature region peptides. Preliminary results suggest that the specificity and sensitivity of these antibody reagents is promising.
CONCLUSIONS: These results suggest that phylogenetic DNA sequence analysis of outer spore coat genes may provide a new paradigm for rapidly selecting protein epitope targets for spore-specific immunoassay development. Previously, identification of protein motifs that determined epitopic specificity was a tedious process involving random scanning of protein sequence space to identify informative signatures. Using the phylogenetic analysis methods described here, emergent sequence properties associated with the natural genetic history of the protein of interest reveal epitopic targets of opportunity.
SIGNIFICANCE: These studies establish that CotK spore coat protein sequences possess sufficient genetic variation to be a promising target for developing recombinant antibodies that recognize B. anthracis spores. 
INTRODUCTION
Immunoassays are the current foundation for many rapid pathogen detection technologies. Existing antibody reagents for the identification of Bacillus anthracis spores may, however, be limited in their ability to distinguish B. anthracis from environmentally ubiquitous near-and distant-neighbour species such as B. cereus, B. subtilis and B. globigii (Phillips etal. 1988; Titball etal. 1991) . Developing speciesspecific anthrax immunoassays requires the production of specific reagents, i.e. polyclonal or monoclonal antibodies that recognize structures that are unique to the target organism and which distinguish it from its commonly occurring nearand distant-neighbour species. We have utilized Western blotting methods to analyse a suite of existing monoclonal and polyclonal antibodies produced against B. anthracis spore antigens to assess the species and molecular target recognition specificity of these reagents. Epitopic specificity and molecular recognition reactions were analysed for cytoplasmic and surface extracts from B. anthracis, B. cereus, B. globigii and B. subtilis spores and vegetative cells. 
MATERIALS AND METHODS

Strains
The following strains were used: B. anthracis UM23, ura (Thorne, University of Massachusetts, Amherst, MA); B. cereus T (Bacillus Genetic Stock Centre, Columbus, Ohio, USA); B. globigii (this laboratory), and B. subtilis 168 trpC2 (this laboratory). MAB-BalB7 and MAB-Ba2B7. Obtained from Dr A. Churilla. Monoclonal mouse anti-fi. anthracis antibodies (prepared by Dr T. Webber (CBD DERA, Porton Down, UK)) produced using B. anthracis (Vollum) spore preparations. The concentrations of these antibodies were 25 and 2-75/ig n\~x (50% glycerol), respectively.
Cell growth, sporulation and protein methods
Vegetative cells and spores were prepared in 2 x SG medium as described by Leighton and Doi (1971) . Ballistic disruption (01mm glass beads) of spores and vegetative cells was achieved during a 4 min treatment at homogenizing speed in a Biospec Products Bead Beater (Biospec Products, Bantlesville, Oklahoma). Cell and spore surface extracts were prepared as described by . Vegetative and spore protein fractions were prepared for electrophoretic analysis in an extraction buffer containing 012mol l" 1 Tris base, 4% (w/v) SDS, 1 mol 1 _1 jS-mercaptoethanol, 20% (w/v) glycerol and 0002% (w/v) bromophenol blue. Lyophilized spore (5 mg dry weight) and 10-20 mg (dry weight) of mid-log phase vegetative cell fractions were resuspended in 05 ml of extraction buffer. The samples were boiled for 3 min and centrifuged for 6 min at 14 000 rev min -1 . The upper 250/d of the extract were removed and a constant protein concentration from each fraction was loaded (approximately 15 fi\) onto a 4-12% NuPAGE MES gel (Novex, San Diego, California). Electrophoretic separation was performed according to the manufacturer's recommendation (Novex).
Western blot methods
The ECL Western blot system (Amersham, Pharmacia Biotech, Piscataway, NJ) was used to visualize proteins detected by horseradish peroxidase-labelled secondary antibodies. Proteins separated on 4-12% NuPAGE gels were transferred to nitro-cellulose membranes by semi-dry transfer blotting (Bio-Rad, Hercules, California). A 1/5000 dilution of primary and secondary antibodies was used during the immunodetection step for monoclonal antibodies and a 1/10000 dilution of primary and secondary antibodies was used during the immunodetection step for polyclonal antibodies.
RESULTS
We have examined the molecular recognition specificity of the B. anthracis polyclonal AB-BaN antibody with vegetative and spore subcellular fractions derived from B. globigii, B. subtilis, B. cereus and B. anthracis (Fig. 1) . The AB-BaN recognition specificity was restricted primarily to the anthrax group, as B. globigii and B. subtilis protein fractions did not cross-react strongly. This polyclonal antibody recognized a large number of anthrax spore surface epitopes and had limited cross-reaction with the near-neighbour B. cereus spore surface ( Fig. la) . A high degree of anthrax immunospecificity was also seen among the epitopes recognized in vegetative cell extracts (Fig. lb) . Two monoclonal antibodies, MAB-BalB7 and MABBa2B7 raised against B. anthracis spore preparations, were analysed for their molecular recognition specificity (Fig. 2) . The MAB-BalB7 monoclonal antibody (Fig. 2a, anthracis vegetative cells and more weakly with a similar epitope in spore cytoplasmic extracts. This monoclonal antibody did not detect cpitopes on spore surfaces. The MAB-Ba2B7 antibody also cross-reacted strongly with an epitope of similar molecular weight in the cytoplasmic and cell surface extracts of the four Bacillus species examined. This monoclonal antibody did not detect epitopes on spore surfaces.
DISCUSSION
The ability to rapidly and specifically detect the anthrax spore, the most persistent and dispersible form of B. anthracis, is of great importance to disease control (Titball etal. 1991) . Anthrax spore immunochemical assays are one of the most attractive technologies for the rapid and inexpensive detection of B. anthracis in medical and environmental samples. The purpose of this study was to assess the molecular recognition specificity of several existing anthrax spore antibody preparations to guide the development of assays with improved specificity and sensitivity. Several questions regarding anti-body sensitivity and specificity were addressed. Is the anthrax spore surface immunogenic? What is the nature and distribution of epitopes recognized by antibodies raised against spore preparations? Are the recognized epitopes exclusively found in spores, or are they also present in vegetative cells? Do these antibodies cross-react with epitopes from near-and distant-neighbour Bacillus species? Do monoclonal antibodies afford improved specificity when compared with polyclonal antibodies?
The data shown in Fig. 1 demonstrate that a polyclonal antibody preparation (AB-BaN) raised against anthrax spore and vegetative cell antigens recognized a diverse range of anthrax spore epitopes. These data demonstrate that the anthrax spore surface is immunogenic and that antibodies can be generated against a variety of spore surface proteins. The Ab-BaN antibody cross-reacts with a limited number of epitopes on the near-neighbour B. cereus spore surface but does not react with the distant-neighbour B. globigii and B. subtilis spore surfaces.
The data presented in Fig. 2 demonstrate that monoclonal antibody preparations (MAB-BalB7 and MAB-Ba2B7) raised against anthrax spore preparations had a more narrow range of epitopic response, but a diminished recognition specificity when compared with the polyclonal antibody. Both monoclonal antibodies recognized epitopes present in nearand distant-neighbour Bacillus species to anthrax. Although these antibodies were generated with anthrax spore preparations, their primary avidity was directed against vegetative cell epitopes. The MAB-BalB7 and MAB-Ba2B7 monoclonal antibodies did not recognize spore surface epitopes. These results suggest that spore preparations, or isolated spore surface antigens, of higher purity may be required to develop monoclonal antibodies that recognize the anthrax spore surface specifically.
The data presented demonstrate that it is possible to generate antibodies that recognize the anthrax spore surface. The development of anthrax-specific polyclonal or monoclonal antibodies will require the isolation and purification of species-specific spore surface antigens. These studies are in progress in our laboratory and elsewhere.
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INTRODUCTION
Bacillus globigii spores have been used extensively as a tracer in environmental fate and transport studies (Casewell et al. 1984; Houston et al. 1989; Horan et al. 1991) . Antibody-based assays for B. globigii spores are frequently employed to monitor the distribution of this tracer organism in environmental sample matrices. These reagents may, however, be limited in their ability to distinguish B. globigii from environmentally ubiquitous near-and distantneighbour species such as B. subtilis and B. cereus (Quinlan and Foegeding 1997; Phillips et al. 1988; Titball et al. 1991) . ELISA analysis of B. globigii polyclonal antibody specificity (Churilla, personal communication) demonstrated cross-reaction with B. subtilis, B. cereus and B. thuringiensis cell and spore samples. In order to better understand the molecular interactions of B. globigii polyclonal antibodies with cytoplasmic and surface antigens we have utilized Western blotting methods to examined the epitopic specificity of these sera for extracts prepared from B. globigii, B. subtilis, B. cereus and B. anthracis spores and vegetative cells.
Polyclonal antibodies
AB-BgN. This was obtained from Dr A. Churilla (Naval Medical Research Institute). Rabbit anti-5. globigii 270696-01 polyclonal antibody was produced following an immunization regimen using a mixture of vegetative cell and spore antigens (3-5//g (i\~l in 50% glycerol).
AB-BgD.
This was obtained from Dr D. Martin (Dugway Proving Ground). Goat anti-5. globigii polyclonal antibody was produced following an immunization regimen using a mixture of aged spore and vegetative cell antigens (3-5 /xg /il _l in 50% glycerol).
Cell growth, sporulation and protein methods
Vegetative cells and spores were prepared in 2xSG medium as described by Leighton and Doi (1971) . Ballistic disruption (01-mm glass beads) of spores and vegetative cells was achieved during a 4-min treatment at homogenizing
MATERIALS AND METHODS
The strains used throughout these studies are shown in Table 1 .
Correspondence to: T. Leighton, Division of Biochemistry and Molecular Biology, Department of Molecular and Cell Biology, 401 Barker Hall, University of California, Berkeley, . 
Western blot methods
The ECL Western blot system (Amersham) was used to visualize proteins detected by horseradish peroxidaselabelled secondary antibodies. Proteins separated on 4-12% NuPAGE gels were transferred to nitrocellulose membranes by semi-dry transfer blotting (Bio-Rad). A 1/10000 dilution of primary and secondary antibodies was used during the immunodetection step. Figure 1 illustrates the separation of B. globigii, B. subtilis, B. anthracis and B. cereus vegetative and spore subcellular protein fractions achieved with the described polyacrylamide gel electrophoresis system. Figure 2 depicts the reaction of AB-BgD B. globigii antibodies with vegetative and spore subcellular protein fractions derived from B. globigii and the near-neighbour species B. subtilis. Extensive ABBgD antibody cross-reaction occurred with a wide range of B. subtilis subcellular fractions. In addition, the primary reaction of this polyclonal serum with spore-derived fractions appeared to be directed against intracellular epitopes (Fig. 2b, lanes 2 and 10) . These results (Fig. 2) suggested that AB-BgD recognized epitopes primarily derived from damaged or germinated spores. The data presented in Fig.  3 confirmed this inference by demonstrating that AB-BgD did not react strongly with spore surface epitopes derived from highly purified B. globigii and B. subtilis spore preparations. AB-BgD did, however, react strongly with similar extracts prepared from aged B. globigii spore preparations (the immunizing antigen). Further experiments were performed (Fig. 4) to explore the reaction of AB-BgD and AB-BgN antibodies with vegetative and spore subcellular protein fractions derived from B. globigii, the near-neighbour species B. subtilis and the distant-neighbour species B. cereus and B. anthracis. The results obtained with the AB-BgD antibody (Fig.  4a,b) are consistent with the data shown in Fig. 3 and confirm that this antibody recognized damaged spore epitopes derived primarily from the spore cytoplasm. The AB-BgD recognition specificity for damaged spore epitopes was limited to the near-neighbour species B. globigii and B. subtilis. This antibody also recognized vegetative cell epitopes globigii spores (01 mol r'NaOH extract)
RESULTS
found in all of the Bacillus species examined. The AB-BgN antibody (Fig. 4c,d) recognized B. globigii spore surface epitopes. There was limited cross-reaction with B. subtilis spore surface epitopes. It is not clear whether the spore surface and cytoplasm epitopes recognized by this antibody were identical. No cross-reaction was seen with spore surface extracts from the distant-neighbour species B. cereus and B. anthracis. AB-BgN recognized several vegetative cell epitopes that were present in both cell surface and cell cytoplasm extracts. A number of these surface and cytoplasmic epitopes were conserved in all four Bacillus species examined.
DISCUSSION
The ability to detect B. globigii spores rapidly and specifically is of considerable interest for environmental tracer studies (Casewell et al. 1984; Houston el al. 1989; Horan et al. 1991) . Spore immunochemical assays are one of the globigii spores in environmental matrices. The purpose of this study was to assess the molecular recognition specificity of two existing spore antibody preparations to guide the development of assays with improved specificity and sensitivity. Several questions regarding antibody sensitivity and specificity were addressed. Is the B. globigii spore surface immunogenic? What is the nature and distribution of epitopes recognized by antibodies raised against spore and vegetative cell preparations? Do these antibodies crossreact with epitopes from near-and distant-neighbour Bacillus species? Will the presence of germinated or damaged spores influence the molecular recognition specificity of the antibody response? Analysis of the AB-BgD antibody molecular recognition specificity (Figs 2, 3 and 4a,b) highlights the challenges in producing species-specific immunoassays. The presence of vegetative cells in the antigen preparation resulted in sera that recognized epitopes common to all four near-and distant-neighbour Bacillus species tested. Avoiding vegetative cell antigen contamination will clearly be of importance in generating species-specific spore antibodies. Avoiding the presence of damaged or germinated spore antigens is also of importance if the goal is to generate immunoassays that recognize the native spore surface.
The data shown in Fig. 4c,d establish that the AB-BgN polyclonal antibody preparation, raised against B. globigii spore and vegetative cell antigens, recognized several spore surface epitopes. These data demonstrate that the spore surface is indeed immunogenic and that antibodies can be generated against multiple spore surface proteins. The ABBgN antibody cross-reacted with a limited set of epitopes present on the near-neighbour B. subtilis spore surface but did not react with the distant-neighbour B. cereus and B. anthracis spore surfaces. Results with the AB-BgN antibody further reinforce the necessity of avoiding the presence of vegetative cell antigens that can elicit non-specific antibody responses (Fig. 4d) .
The data presented here suggest that it is possible to generate antibodies that recognize the B. globigii spore surface. The purity and uniqueness of the spore surface antigen presented to the immune system will clearly be of primary importance in developing reagents that specifically recognize spore surfaces. These conclusions are consistent with similar studies of B. anthracis and clostridium spore antibodies reported elsewhere (Longchamp and Leighton 1999; Quinlan and Foegeding 1997) .
